Methyl depletion and subsequent moisture uptake have been found to be the primary plasma damages leading to dielectric loss in porous organosilicate (OSG) low-k dielectrics. A vacuum vapor silylation process was developed for dielectric recovery of plasma damaged OSG low-k dielectrics. The methyl or phenyl containing silylation agents were used to convert the hydrophilic -OH groups to hydrophobic groups. Compared with Trimethylchlorosilane (TMCS) and Phenyltrimethoxysilane (PTMOS), Dimethyldichlorosilane (DMDCS) was found to be more effective in recovering surface carbon concentration and surface hydrophobicity. But the carbon recovery effect was limited to the surface region.
INTRODUCTION
Ultra low-k dielectrics with porosity are being incorporated to reduce the capacitance coupling in copper interconnects beyond 45 nm technology node [1, 2] . During plasma etching and ashing processes, carbon depletion, surface hydrophilisation, and surface densification have been observed, increasing the effective dielectric constant and leakage current [3] [4] [5] [6] [7] [8] [9] [10] [11] . These plasma damages limit the further scaling of low-k structures and have stimulated considerable interests in the study of dielectric recovery by silyation methods, using vapor-phase [12] , liquidphase [13] [14] , and supercritical CO 2 processes [15] [16] [17] .
Since silylation agents are susceptible to water molecules, moisture should be removed before the silylation process. Otherwise, even a small amount of moisture will react with the silylation agents and form byproducts which can be adsorbed on the wafer surface to reduce the dielectric recovery and complicate the reaction mechanism. In the first part of this paper, the vapor-phase silylation process was first demonstrated under high vacuum with in-situ heating. This improved the control of moisture uptake, making the process easy to be integrated. To investigate the silylation mechanism, several key parameters were studied including substrate temperature, functionality of silylation agent, and the effect of chemical desorption. Three silylation agents were compared: Trimethylchlorosilane (TMCS), Dimethyldichlorosilane (DMDCS), and Phenyltrimethoxysilane (PTMOS).
Because the recovery of the vapor-phase silylation process was limited to the surface, other methods were developed to improve the silylation process. UV radiation and thermal activation are commonly used to remove porogen to improve the mechanical properties of asdeposited low-k dielectrics [18] . But in this study, they were used for bulk recovery of plasma damaged OSG low-k dielectrics. Since the recovery process may involve chemical bonds different with as-deposited OSG low-k dielectrics, the mechanism of UV radiation with thermal activation was investigated.
EXPERIMENT
The pristine OSG film was deposited with about 25% porosity to yield a dielectric constant of 2.5, refractive index of 1.33 at 633 nm, and thickness of 100 nm. Before vapor-phase silylation, Plasma-Therm 790 RIE was used to prepare O 2 plasma damaged OSG samples under the condition of 150mtorr, 15sccm, 150W, and 5minutes. The samples were baked in a UHV chamber around 120°C for about 1 hour to remove the physisorbed water molecules. The silylation agents were delivered with CO 2 carrier gas into the vacuum chamber where the chamber wall and gas delivery system were kept around 100°C to minimize moisture uptake and the bubblers were kept around the boiling point of silylation agents, such as 70°C for DMDCS.
The OSG films were first subjected to O 2 plasma in an Oxford RIE chamber under the condition of 30mtorr, 30sccm O 2 , 150W, and 10minutes. This followed with UV radiation and thermal activation at 350°C for about 300seconds. The UV lamp wavelength was selected to be above 200 nm to minimize the influence on Si-CH 3 bonds.
The changes in molecular bonds were observed using a Nicolet Magna 560 Fourier transform infrared (FTIR) spectrometer. An angle-resolved X-ray photoelectron spectroscopy (ARXPS) was used to study the surface chemical composition. A CA100 Ramé-Hart Goniometer was used to evaluate the water contact angle and surface hydrophobicity. XPS depth profiling was performed in a PHI 5700 XPS system to examine the composition change in the OSG film. Standard MIS capacitors were used for C-V and I-V measurements.
DISCUSSION

Damages induced by O 2 plasma
To evaluate the bonding changes induced by O 2 plasma in Oxford RIE, differential FTIR was obtained from the FTIR spectra of the OSG before and after O 2 plasma treatment, as shown in Fig. 1 . After O 2 plasma treatment, the peak intensities of -OH/H 2 O (3100cm
, and Si-O-Si network (1074cm -1 ) bonds increased, while those of
, and Si-OSi suboxide (1021cm -1 ) bonds were reduced [19] [20] [21] [22] . Moreover, the dielectric constant at 1 MHz increased from 2.50 to 3.26.
In a previous study [23] , the origin of dielectric loss induced by O 2 plasma on OSG films was investigated by combining FTIR and SE with the Kramers-Kronig dispersion relation. The dielectric loss was found to be dominated by the dipolar contribution compared with the electronic and the ionic polarizations. Quantum chemistry calculations showed that the physisorbed H 2 O molecule was mainly responsible for the dipolar contribution to the dielectric loss. Si-CH=O and Si-O-also contributed to the dielectric loss, but much less than that due to moisture uptake.
Dielectric recovery by vacuum vapor silylation process
The methyl or phenyl containing silylation agents were expected to convert the hydrophilic -OH groups to hydrophobic groups by the following reactions [13, [24] [25] :
where X is the desorbed group, Cl for TMCS and DMDCS, and OCH 3 for PTMOS, and R i is CH 3 for TMCS, CH 3 or Cl for DMDCS, and C 6 H 5 or OCH 3 for PTMOS. When PTMOS was used, a small amount of TMCS was added as catalyst. The HCl from the interaction between TMCS and Si-OH can enhance the interaction between PTMOS and Si-OH. In order to improve the recovery effect, vacuum vapor silylation process should be optimized. As shown in Fig. 2 and Fig. 3 , with increasing silylation treatment time or substrate temperature, the XPS C/Si ratios and water contact angle increased, indicating further recovery of surface carbon concentration and surface hydrophobicity. The temperature dependence can be explained by a thermally activated diffusion process of silylation agents or chemical reaction between silylation agents and silanol group. In ARXPS, a higher C/Si at 30 0 scan indicated more recovery on the surface than in the bulk. One possible reason is that the small pore size or densified surface induced by plasma treatment or the interaction between silylation agents and surface Si-OH bonds can block the penetration of silylation agents. Under similar conditions, DMDCS had the best recovery effect compared with TMCS and PTMOS, as indicated by the largest XPS C/Si ratio and water contact angle in Fig. 4 . There could be three possible reasons [26] [27] . First, O 2 plasma treatment induced different types of silanols into OSG film including isolated silanol and disilanol (also named as geminal silonal) and TMCS can react with the isolated silanol easily. But once a TMCS molecule reacts with the first silanol of a disilanol, the extra CH 3 group can cause steric hindrance to block further interaction between other TMCS molecule and the second silanol. Second, DMDCS has two chlorine desorbed groups and a smaller molecule size, so that it has a bigger chance to interact with silanol groups. Third, PTMOS has the largest molecule size and the least effective leaving group. The results indicated that the recovery by vapor silylation process depends on the functionality, size, and effectiveness of leaving group. The recovery depth of carbon concentration was evaluated by combining XPS depth profiling and film thickness from SE measurement. As indicated by Fig. 5 , the recovery effect was limited to the surface within 5nm. A simple model with serial capacitors was used to evaluate the dielectric recovery of low-k structures:
where k eff is the effective dielectric constant, k r and r are the dielectric constant and thickness for the repaired layer respectively, k d and d-r for remained damaged layer, k p for undamaged layer, and s the line spacing. As indicated by Fig. 6 , if the plasma damage was limited to the surface, a full dielectric recovery was possible by the vapor-phase silylation process. But, if the plasma damage was deep into the bulk, this process was not sufficient for the full dielectric recovery. This problem will become more serious with the scaling of low-k structures. At the 32nm technology node, the spacing is about 45nm. If the sidewall damage layer thickness is 10nm, the vapor-phase silylation process in this study can only recover the effective k to about 2.7. Other methods will be needed to assist silylation process. In the following, UV radiation with thermal activation was applied to O 2 plasma damaged OSG film without silylation process. Figure 6 . Evaluation of recovery of effective damaged OSG with DMDCS silylation process dielectric constants of low-k structures
Dielectric recovery by UV radiation and thermal activation
After UV treatment, the film thickness, the refractive index, and the dielectric constant of the O 2 plasma damaged OSG film were reduced, as indicated in Tab.Ⅰ. In particular, the dielectric constant was recovered to within 5% of the pristine film. In Fig. 7 , differential FTIR was used to deduce the mechanism for dielectric recovery. After UV treatment, -OH, physisorbed H 2 O molecules, and C=O bonds were almost completely removed, which contributed to dielectric recovery. At the same time, there was an increase of Si-O-Si network and suboxide bonds. The detailed mechanisms will be further investigated. 
CONCLUSIONS
The dielectric recovery by vapor-phase silylation process has been investigated as a function of the functionality, size, and effectiveness of leaving group. Under similar conditions, DMDCS was most effective for surface carbon and hydrophobicity recovery among the silylation agents of TMCS, DMDCS and PTMOS. The recovery, however, was limited to the surface within 5nm. UV radiation with thermal activation can remove most of the -OH, H 2 O, and C=O bonds in the film to improve the electrical properties. Since the surface hydrophobicity was only partially recovered, a combination of vacuum vapor silylation and UV processes seems to be promising for the dielectric recovery. Table   Ι . Dielectric recoveries induced by UV treatment
